Introduction
When any microorganism infects cells, they must negotiate a complex cellular environment to survive and efficiently replicate progeny for continuing infection. Therefore, when looking for biological vehicles to deliver and express genes in hosts for gene therapy, microbes that efficiently enter and express their genes in a sustained manner while minimizing immune recognition serve as useful tools. Retroviruses are quite adept at surviving in such hostile environments to replicate. They can infect dividing 1, 2 and, in the case of lentiviruses, nondividing cells, [3] [4] [5] efficiently trafficking through the cytoplasm to the nucleus for integration and gene expression to make progeny virions. Furthermore, their ability to integrate their DNA into the host genome provides a permanent imprint of the viral genes that are not lost through cell division. Retroviruses also commonly use methods to limit immune recognition, enabling long-lasting infections to be established in the host. For gene therapy vectors, these are important considerations for survival of the transgene in vivo. With such aptitude for delivering and expressing viral genes, retroviruses have thus received much attention for development into gene therapy vehicles.
Since simple retroviruses were initially developed into gene therapy vectors, this field has rapidly expanded into creating lentiviral vectors due to their wider target cell range. Retroviral vectors have overall yielded great success for efficiently delivering genes or elements in vitro and in vivo. 6 However, these vectors have a crucial safety issue (reviewed in Cockrell and Kafri, 6 Pages and Bru, 7 Anson 8 and Yi et al 9 ) . Their capacity to induce oncogenesis through retroviral insertion and generate new replication competent retroviruses has met with damaging results in vivo and complicates their current use in humans. 10, 11 Refining current retroviral vectors to improve biosafety and infection efficiency across more cell types will expand their use in vitro and in vivo. Furthermore, understanding how retroviruses efficiently infect host cells may reveal new features pliable to gene therapy vectors for better transgene delivery in vivo. This review therefore canvasses the early intracellular trafficking of retroviral vectors following viral entry to nuclear delivery. For those less acquainted with the topic, a general overview of retroviruses, retroviral vectors and the cell cytoskeleton precedes the discussion of vector trafficking, which is divided into cytoplasmic trafficking to the nucleus and nuclear import. Host cell factors that restrict retroviruses during these early trafficking events are further considered. As lentiviral vectors offer greater use due to their larger cell range, and are well characterized in the case of HIV-1, they form much of the discussion here. Figure 1 The early intracellular trafficking of retroviruses. This model proposes early replication events for MLV, HIV-1 and HIV-1 pseudotyped with a pH-dependent envelope-like VSV-G. The internal core of incoming virions are deposited in the cell cytoplasm after entry by fusion between the viral envelope and plasma membrane (left and middle panels) or endocytosis if pseudotyped with a pH-dependent envelope protein-like VSV-G (right panel). Cores entering at the plasma membrane encounter actin-dependent events, like penetrating the cortical actin barrier (middle panel) that is bypassed by endocytic entry (right panel). For HIV-1 and similar retroviruses, reverse transcribing, capsid cores bind dynein motors and traffic along microtubules towards the nucleus. During trafficking, the capsid is shed as reverse transcription proceeds. Cellular factors, like proteins aiding import and integration, are recruited to the RTC as it evolves into a PIC. At the nuclear envelope, viral cDNA in the PIC traffics through NPCs into the nucleus using multiple viral and cellular factors and may further traffic inside the nucleus for integration into favorable chromosome regions. For MLV (left panel), where information is scarce, the viral cores engage the actin cytoskeleton early but the RTCs retain the CA shell enroute to the nucleus. At the nuclear membrane, CA and MA disassemble as the MLV complexes enter the nucleus during mitosis, where temporary dissolution of the nuclear envelope (indicated by broken lines) apparently permits access to cellular DNA for integration. During cytoplasmic trafficking, retroviruses are susceptible to (a) hypermutation and degradation if APOBEC3 is present in incoming virions, and (b) target cell TRIM5a or Fv1, which bind and block susceptible cores before reverse transcription or integration respectively. The early trafficking of retroviral vectors is presumably similar to their original retroviruses, but removing viral proteins and/or nucleic acid elements may readily change the trafficking model presented here.
Retroviral vector trafficking
JL Anderson and TJ Hope sequently translocates into the nucleus and the viral cDNA integrates into the cellular genome. This results in a permanent copy of the viral genetic material incorporated in the host cell ( Figure 1 ). The integrated viral DNA, termed a provirus, is subsequently transcribed and the mRNA translated to express the viral proteins. These viral proteins assemble at the cell plasma membrane with two copies of the full-length viral mRNA and bud off as immature virions. Subsequent processing of viral proteins within virions creates the mature, infectious particles capable of infecting new target cells (reviewed in Freed 12 ). All retroviruses express the structural group-specific antigen (Gag), polymerase (Pol) and envelope (Env) genes, but are further described as simple or complex due to additional genes. Simple retroviruses, typified by murine leukemia virus (MLV), just contain the three characteristic structural genes. In contrast, complex retroviruses like the lentiviruses, human immunodeficiency virus (HIV), and simian immunodeficiency virus (SIV), contain additional regulatory and accessory genes. The ability to pseudotype retroviruses with different envelope proteins, substitute pathogenic or nonessential genes for transgenes, and package the viral RNA using viral structural proteins expressed from separate plasmids allows these viruses to be used as vehicles for delivering transgenes.
Retroviral vectors
Since initial work with simple retroviruses like MLV to develop retroviral vectors, numerous vector systems based on simple and complex retroviruses now exist with various features, advantages and disadvantages too abundant to review here (discussed in Cockrell and Kafri, 6 Pages and Bru 7 and Delenda
13
). However, their general attributes remain the same. Retroviral vector systems commonly include the packaging, envelope and transgene vector components. The packaging plasmid or cell line provides the viral Gag and Pol structural proteins necessary to produce infectious virions. The envelope plasmid expresses the envelope protein incorporated into virion surfaces for entry into target cells. Envelope proteins that infect ubiquitous cell types (eg VSV-G or Ebola glycoprotein) or target-specific tissues (eg HIV-1 Env) may be used here. Finally, the transgene vector produces the RNA encoding the transgene that is packaged into vector virions. This RNA contains all the cis-acting elements necessary for virion packaging of the transgene RNA and subsequent reverse transcription, integration and expression of the transgene in target cells.
Separating these viral components during virus production should theoretically restrict virus infection to a single round in target cells, as the vector mRNA does not encode all the proteins to make new virions for subsequent infection. Although in practice, recombination between vector component/s or with endogenous retroviruses can generate undesirable replication-competent retrovirus. 6, 7, 13 To avoid such deleterious recombination, all unnecessary retroviral sequence is deleted from the packaging, envelope and vector constructs. By deleting nonessential sequence from the transgene vector, large transgenes can also be packaged. For instance, complex lentiviral vectors can deliver up to 7-9 kb of extra sequence, demonstrating their utility in delivering and expressing large genes or elements (reviewed in Cockrell and Kafri 6 ).
Cell cytoskeleton
To understand the early trafficking of retroviral vectors in target cells, first considering the intracellular environment these vectors must negotiate for successful trafficking is beneficial. The cell cytoplasm is a viscous compartment containing a scaffold of filaments termed the cytoskeleton. The cytoskeleton serves numerous roles, ranging from structural support to cell migration to trafficking cargo within the dense cell cytoplasm for such important processes as mitosis. The filaments of the cytoskeleton divide into three types: actin filaments, microtubules and intermediate filaments that are near 7, 25 and 10-12 nm in diameter, respectively. These filaments are dynamic and can be readily assembled and disassembled according to molecular cues. Given the reported influence of actin filaments and microtubules on incoming retroviral trafficking, both filament types are discussed here. However, more detailed reviews of all three cytoskeleton filaments are found elsewhere.
14-17

Actin microfilaments
The smallest filaments of the cytoskeleton, actin filaments, are also termed microfilaments owing to their petite size (reviewed in Revenu et al 16 and Alberts et al
17
). Actin filaments are comprised of actin monomers that, after binding ATP, have polymerized. Monomeric and polymerized forms of actin are termed globular (G)-actin and filamentous (F)-actin, respectively. Actin filaments have polarity, with actin monomers binding the plus, barbed end of the growing filament and dissociating from the minus, pointed end. When actin monomers associate and dissociate from the opposite ends of the actin filament at a similar rate, the filament is said to be treadmilling. Individual actin filaments can further assemble into parallel bundles or loose networks via crosslinking proteins. Branched actin filaments can also form by nucleation promoting factors like WASP activating the actin-related protein (Arp) 2/3 complex, which binds to the side of an actin filament and nucleates a new filament. 17 The crosslinking and branching of actin filaments allow cells to form more elaborate structures, like microvilli, stress fibers, lamellipodia, ruffles, cortical actin and filipodia. 16 Besides regulating cell shape, mobility and adherence, these structures may also influence the trafficking of invading retroviral vectors. For instance, the dense layer of branched actin filaments underlying the plasma membrane of most cells termed cortical actin can serve as a barrier to invading pathogens. 18, 19 Actin filaments function in determining cell shape, strength, migration, adhesion, contraction and trafficking. 16, 17 For trafficking, cargo can travel along actin filaments using the myosin family of motor proteins, which generally move toward the plus end of actin filaments while hydrolyzing ATP. Myosin V and myosin I bind and move cargo like endoplasmic reticulum and golgi vesicles, respectively, along actin filaments. 20 Some pathogens like Listeria and vaccinia virus also stimulate Therefore, binding myosin to move along the actin network or stimulating actin polymerization both allow transport within cells, and are thus important to consider for retrovirus trafficking, as well as actin filament structures that may hinder trafficking.
Microtubules
The microtubule network of filaments is critical for movement both within the cell and by cell appendages (reviewed in Alberts et al 17 ). For instance, microtubules underlie chromosome movement within cells during division and allow cilia and flagella to move. Microtubules are composed of a and b tubulin dimers that assemble into hollow, cylindrical filaments while hydrolyzing GTP. Tubulin dimers can bind either end of a microtubule in vitro, but polymerise more rapidly to the plus end where the b tubulin GTP is exposed. The wall of one microtubule can also form part of the wall of a second microtubule filament, giving rise to doublet or triplet microtubules. 17 In animal cells, microtubules emanate from the centrosome, which is also called the microtubule organizing center (MTOC, reviewed in Alberts et al 17 and Sodeik et al
21
)
. The plus ends of microtubules grow out from the MTOC during the cell cycle, nucleating from g-tubulin, while the minus ends remain anchored at the MTOC. The MTOC lies in the cytoplasm adjacent to the nucleus during interphase and houses the centrioles. The centrioles duplicate before cell division and move to opposite sides of the cell during division for coordinating chromosome segregation. 21 Microtubules are key for moving chromosomes, organelles and other cargo within the cell, using the dynein and kinesin families of motor proteins for movement (for reviews see Alberts et al 17 and Mallik and Gross 22 ). Dyneins move cargo toward the minus end of microtubules, towards the MTOC that is retrograde transport. In contrast, kinesins move cargo toward the plus end of microtubules, away from the MTOC that is anterograde transport. Both dyneins and kinesins hydrolyze ATP during movement. These motor proteins allow for the rapid transport of cargo within cells, such as moving vesicles along the long axons of neurons to the tip via kinesins.
17, 22 Importantly, viruses such as herpes simplex virus type I, 23 adenovirus 24, 25 and HIV-1 26 also latch onto dynein motors and use the microtubule network to traffic from the cell periphery toward the nucleus in cultured cells. Hence, microtubules and their molecular motors likely play an important role for efficient retroviral trafficking through the dense cell cytoplasm in vivo.
Cytoplasmic trafficking Early actin trafficking
The ability to pseudotype retroviral vectors with envelope proteins from different sources has greatly expanded the repertoire of cells that retroviral vectors can enter to deliver transgenes. 27 However, the choice of envelope protein may further influence the trafficking of viral cores upon entry into the cytoplasm. This is inferred by studies of early events in HIV-1 replication. 28 The HIV-1 envelope protein (Env), like most retroviral envelope proteins, promotes fusion between virion and cell plasma membranes, depositing the virion core at the periphery of the cytoplasm (Figure 1) . 29 The HIV-1 accessory protein, Nef, further improves HIV-1 infection early in replication 30 but only when virions enter cells using envelope proteins that fuse at the plasma membrane, like HIV-1 Env. If virions are pseudotyped with pH-dependent envelope proteins deriving from VSV-G or Ebola, which enter cells via endocytosis and fuse in the cytoplasm after endosome acidification releasing the virion core (Figure 1 ), Nef no longer stimulates HIV-1 infection. 31 Recent work suggests this phenomenon maybe explained by how each entry route penetrates the cortical actin barrier underlying the plasma membrane. 28 This study found disrupting cortical actin in epithelial cells by various actin depolymerising drugs compensated for Nef in improving HIV-1 infection when entering at the plasma membrane, but not by endocytic entry. 28 This suggests Nef performs a function in HIV-1 replication after plasma membrane entry that is mimicked by depolymerising actin, but how? Nef is incorporated into virions, remains with the viral core after entry into target cells, complexes with actin in cells and interacts with proteins involved in actin cytoskeleton rearrangement like Vav and PAK (discussed in Campbell et al 28 ). This places Nef at the viral core in a position to perhaps remodel the actin cytoskeleton to facilitate HIV-1 infection. Thus, maybe viral cores deposited at the plasma membrane are less able to penetrate the cortical actin barrier without accessory proteins like Nef to rearrange actin for penetration. In contrast, perhaps virion cores entering the cytoplasm via endosomes bypass cortical actin more efficiently using this endogenous cell mechanism. As Nef improves HIV-1 infection between virion fusion and reverse transcription, 28, 32 this also suggests viral cores traffic past cortical actin before reverse transcription completes. Therefore, the envelope protein influences whether virion cores are deposited at the plasma membrane or deeper inside the cell cytoplasm via endosomes and thus, subsequent barriers like cortical actin that must be traversed for trafficking to the nucleus ( Figure 1 ). As envelope proteins entering via endosomes seem more able to penetrate cortical actin, these proteins may therefore be better choices for delivering retroviral vectors to target cells rather than envelopes fusing at the plasma membrane.
While the actin cytoskeleton may act as a barrier to incoming retroviral vectors at the plasma membrane, 28 separate studies infer the actin network also plays a positive role in early retroviral trafficking. [33] [34] [35] For instance, the actin cytoskeleton can aid the clustering of HIV-1 CD4 receptor and CXCR4 coreceptor, facilitating HIV-1 infection. 35 Fractionation studies also suggest HIV-1 RTCs rapidly associate with the actin cytoskeleton via the viral matrix (MA) protein, promoting functional RTCs to evolve. 33 Blocking the cellular Arp2/3 complex that nucleates branched actin filaments can also impair HIV-1 and SIV infection. 34 Hence, HIV-1 and SIV may use Arp2/3 to manipulate the actin cytoskeleton and improve infection, perhaps by propelling viral cores in the cytoplasm analogous to other pathogens using Arp2/ 3 for movement. 19 MLV also uses the actin cytoskeleton early in viral infection 36 but is not affected by Arp2/3 inhibition, 34 suggesting MLV modulates actin by a different mechanism to Arp2/3 nucleation. Finally, pseudotyping HIV-1 with VSV-G to enter cells by endosomes eliminated the impact of actin microfila- 33 and Arp2/3 34 on HIV-1 infection. Hence, these studies indicate the actin cytoskeleton can enhance retroviral infection when entering at the plasma membrane by a mechanism bypassed with endocytic entry.
Microscope studies showing microtubule-independent motion of HIV-1 cores at the cell periphery after entry with the HIV-1 Env protein 26 also supports actinmediated trafficking for incoming retroviral cores. The sensitivity of this HIV-1 trafficking to an actin depolymerising drug suggests the actin network underlies this short-range motion. This motion possibly reflects retroviral cores trying to penetrate cortical actin at the cell periphery or trafficking to another region of the peripheral cytoplasm for ensuing infection, such as linking to microtubules for efficient transport to the nucleus. 26 However, direct evidence showing HIV-1 cores trafficking on or through actin filaments in situ and what mechanism underlies this transport awaits demonstration. Why some studies find the actin cytoskeleton to facilitate viral infection [33] [34] [35] while others consider actin to be a barrier 28 remains unclear. Perhaps technical differences between studies or diverse functions of the actin cytoskeleton during early trafficking explain the discrepancy. Reconciling the positive and negative roles of the actin cytoskeleton in early retrovirus trafficking may allow current retroviral vectors to be refined to enhance their trafficking in different cell types. Ultimately, these studies hint at an actin-based trafficking event for virion cores entering at the plasma membrane that is avoided by endocytic entry, suggesting endocytic entry is a less complicated method to deliver retroviral vectors into cells.
Uncoating, RTCs and PICs
Following fusion of the virion membrane with either the cell plasma membrane or internal endosome membrane, the viral core is released into the cell cytoplasm ( Figure  1 ). Viral cores are formed within virions during maturation, after budding from the producer cell (reviewed in Freed 37 ). During maturation, the viral Gag precursor protein is cleaved by the viral protease into its subunit proteins: MA, capsid (CA), nucleocapsid (NC) and in the case of lentiviruses, p6. MA forms a layer underlying the virion membrane while CA assembles into the casing of the core. The shape of this CA casing differs between retroviruses, aiding their classification. The core houses the viral genome complexed with NC, viral RT and integrase (IN) enzymes plus cellular factors like tRNA essential for replication in target cells. When deposited into target cells, the RNA genomes in released cores are reverse transcribed into double-stranded cDNA, in a complex now termed a reverse transcription complex (RTC). When reverse transcription completes and the viral cDNA is ready for import into the nucleus, the complex is now termed a preintegration complex (PIC, see Figure 1 ). 37 However, little is known about the process where the core evolves into an RTC and then a PIC, what factors are involved and where discrete steps occur in the cell cytoplasm.
For MLV, electron microscope (EM) analysis indicates MLV RTCs contain CA, MA and NC in the cytoplasm leading up the nuclear pores. 38 Hence, these MLV Gag proteins seem to persist with RTCs in the cytoplasm. IN and RT are also detected in purified, cytoplasmic MLV complexes. 39 In the vicinity of the nuclear envelope, these complexes disrupt and only NC and IN are detected in the nucleus, 38 suggesting MA and CA are shed for nuclear entry. Similarly, the RTC/PIC of the complex animal retrovirus, human foamy virus (HFV), also reaches the nuclear vicinity as a structured CA, indicative of Gag proteins persisting with the core in the cytoplasm. 40 In contrast, the maturation of HIV-1 cores appears more complex, beginning with a poorly characterized process of uncoating in the cytoplasm where viral CA protein is shed from the core. Where uncoating occurs in the cytoplasm is controversial. While some believe the viral CA immediately disassembles from the core after entry into the cytoplasm based on purified RTC/PIC preparations, [41] [42] [43] others have evidence that the CA shell persists longer in the cytoplasm 26, 44 (see below). Furthermore, the role of reverse transcription in uncoating remains unclear. For instance, does CA loss from HIV-1 cores allow reverse transcription to proceed or could progressive reverse transcription, which expands viral nucleic acid trapped inside the core, force the core to burst, CA to be shed and the RTC to mature? Electron microscopy shows HIV-1 particles stimulated by free nucleotides to undergo endogenous reverse transcription within the virion also lose the CA shell of the core, 45 supporting the theory reverse transcription forces CA shells to burst. Whatever the explanation, uncoating and reverse transcription seem intimately linked as HIV-1 CA mutations can impair reverse transcription 46 and in situ or purified HIV-1 RTCs are elongated, unstructured and dissimilar to conical cores, 26, 47 consistent with uncoating. Aside from shedding CA protein, the presence of MA and NC in maturing HIV-1 RTCs/PICs is also controversial, with opposing results between studies. 26, [41] [42] [43] However, reports that MA phosphorylation regulates late reverse transcript production 48, 49 and NC chaperones reverse transcription (reviewed elsewhere 50 ) suggests MA and NC stay with HIV RTCs for atleast part of their cytoplasmic journey to impart their effects on reverse transcription. Along with the viral RT and IN enzymes, specialized viral proteins like the Vpr and Nef accessory proteins also remain with HIV-1 cores deposited in the cytoplasm. 26, 42, 51 While Nef seems important for cores entering at the plasma membrane to interact with the actin cytoskeleton as discussed above, Vpr acts later in replication by influencing trafficking into the nucleus (considered below). Finally, HIV-1 RTCs/PICs also seem to recruit cellular proteins during their evolution in the cell. For instance, purified HIV-1 RTCs/PICs also contain cellular Ku70 and Ku90 nonhomologous end-joining proteins plus the HMG I(Y), LEDGF and BAF cellular proteins [52] [53] [54] whose recruitment to HIV-1 PICs likely aids integration upon nuclear entry.
Overall, these studies collectively suggest that incoming retroviral cores undergo a series of compositional changes after entry, as reverse transcription progresses and the complex traffics to the nucleus for integration. Defining what these discrete changes are, where they occur in the cytoplasm, their timing and what factors are involved may reveal critical information to improve these cytoplasmic events for current retroviral vectors, increasing their efficacy in vivo.
However, major issues continue to obstruct studies of retroviral core maturation. Firstly, the poor stability of retroviral cores, typified by the sensitivity of HIV-1 conical CAs to detergents, may result in components being stripped from cores during sample extraction or other treatments, obscuring the study of authentic cores. Secondly, external components of the core may mask underlying components when studied by microscopy, adding to discrepancy. Thirdly, as recent studies indicate most HIV-1 cores rapidly traffic to the nuclear envelope after infection, 26 time points at which cores are analyzed may complicate results. Hence, studying cores at different times postinfection should discriminate between cores at different maturation stages. Finally, reports that many HIV-1 virions enter cells nonproductively, 55 raises the biggest issue of whether results pertain to authentic or nonproductive cores. Even though short viral harvests can curb this issue by maximizing the infectivity of virus used in experiments, the presence of nonproductive cores still complicates the study of authentic cores. Therefore, without appropriate methods to discriminate between authentic and nonproductive cores, it is difficult to address whether biochemical or microscopic results pertain to authentic, productively infecting cores or largely represent aberrant cores.
A recent study seems to be overcoming many of these pitfalls by examining HIV-1 cores in situ using fluorescence microscopy. 26 Labeling HIV-1 cores with GFP-Vpr, which is packaged into virions and stays with the core in the cell cytoplasm, allows viral cores to be tracked in situ. Staining virion membranes with a fluorescent DiD dye can discriminate between HIV-1 productively entering the cell by plasma membrane fusion, where the DiD virus membrane is lost, versus cores entering through nonproductive endocytosis, where the virion membrane remains trapped with the core in the endosome. Finally, authentic reverse transcribing cores are identified by their incorporation of a fluorescent nucleotide during reverse transcription. Using these methods, authentic HIV-1 cores reverse transcribing in the cell were tracked and two types of RTC were identified: HIV CA (p24 CA )-positive and -negative complexes. 26 Both RTC types contained the HIV-1 MA protein (p17 MA ) consistent with some biochemical studies. 41, 43 While the p24 CA -positive RTCs may represent defective complexes incapable of further infection, it is equally possible these p24 CA -positive and -negative RTCs represent an early and later step in RTC maturation enroute to the nucleus. Recent work investigating HIV-1 restriction in owl monkey cells supports the notion early p24
CA HIV-1 RTCs exist in the cytoplasm. 44 As wildtype or hyperstable viral CAs can saturate HIV-1 restriction in target cells but unstable CAs or improperly processed Gag cannot, 44 this indicates intact CA structures are recognized for restriction. Therefore, HIV-1 CA cores must remain intact for some period in the cell cytoplasm for restriction and thus, the p24 CA -positive RTCs identified in HIV-1 infected cells 26 may be legitimate, early RTCs. Finally, both p24 CA -positive and -negative RTCs associated with microtubules by microscopy, suggesting these RTCs associate with microtubules before the p24 CA casing is lost. 26 Hence, this in situ work implies productive HIV-1 cores deposited in the cytoplasm begin reverse transcribing with a p24 CA case, associate with microtubules and uncoat this p24 CA casing as the RTC traffics to the nucleus (modeled in Figure 1) . Hence, these innovative microscopic methods offer a novel perspective to study HIV-1 cores as they mature in the cell and may reveal many details so far eluded by conventional biochemical methods.
Trafficking to the nucleus
The cell cytoplasm is viscous and filled with cytoskeleton networks, organelles and cellular vesicles, which likely hinder particles moving through the cytoplasm by simple diffusion. 56 Instead, cytoskeleton filaments can be used for rapid and directed cytoplasmic trafficking. When retroviral cores are deposited in the cytoplasm typically at the plasma membrane following fusion, they must then move to the nucleus for integration into the host cell DNA. Nonretroviral pathogens like herpes simplex virus type 1 (HSV-1) 23 and adenovirus 24, 25 traffic to the nucleus by latching onto dynein motor proteins and moving along the microtubules. Recent data indicates HIV-1 also uses dynein motors and the microtubule network for trafficking to the nucleus as disrupting either element-impaired HIV-1 cores from moving to the nucleus. 26 Furthermore, HIV-1 cores were imaged trafficking along microtubules to the nucleus in live cells. 26 Interestingly, HIV-1 IN, which comprises RTCs/PICs, also interacts with yeast microtubule-associated proteins, consistent with HIV-1 interacting with the microtubule network to traffic in the cell cytoplasm. 57 Besides HIV-1, the human foamy retrovirus (HFV) also uses the microtubule network and dynein-dynactin motors to traffic from the cell periphery to the nucleus in infected cells. 40, 58 These HFV cores accumulate at the pericentrosomal region of the MTOC as structured CAs, mediated by the HFV Gag protein. 40 The MTOC is the origin of emanating microtubules and likely to be a weigh station for all viruses on their way to the nucleus, as demonstrated for adenovirus. 59 Although, how viruses move from the MTOC to the nucleus remains to be determined. Ultimately, defining MTOC localization as a prerequisite for nuclear entry and the responsible viral motifs will provide new insight into retroviral trafficking into the nucleus. Novel features to enhance the trafficking of current gene therapy vectors may further be highlighted.
Trafficking into the nucleus
Successful trafficking of viral cores to the nuclear envelope does not guarantee productive infection, as the PIC must still permeate this nuclear envelope barrier for integration and gene expression in the nucleus. The double membrane, nuclear envelope of eukaryotic cells separates the nuclear and cytoplasmic contents in interphase cells. Molecules move between the interphase nucleus and cytoplasm via large, macromolecular, nuclear pore complexes (NPCs) spanning the nuclear envelope (reviewed in Weis 60 and Fahrenkrog and Aebi 61 ). Small molecules up to 40-60 kDa can diffuse through NPCs to gain access to the alternate compartment. Conversely, larger cargoes use nuclear localization signals (NLSs) and nuclear export signals, aided by the cellular RanGTP gradient, to actively transport through NPCs into the nucleus and cytoplasm, respectively. 60 For active import into the nucleus, NLS associated with the cargo recruit transport proteins like members of the importin b superfamily for trafficking (reviewed in Weis 60 ). The ability of incoming retroviral PICs to cross Retroviral vector trafficking JL Anderson and TJ Hope the nuclear membrane is determined by the origin of the retrovirus ( Figure 1 ) and differs between lentiviral and simple retroviral vectors. For the simple MLV retroviruses, early experiments revealed that the cell cycle controls the nuclear import of MLV PICs, which only enter the nucleus during mitosis.
1,2 Therefore, these simple retroviruses appear unable to traverse through NPCs during interphase and thus cannot infect nondividing cells. Instead, nuclear entry is restricted to mitosis where temporary dissolution of the nuclear membrane for impending cell division is thought to give MLV access to the nuclear DNA (Figure 1) . Why MLV cannot traffic into nondividing cell nuclei via NPCs is unclear. Recent data with chimeric MLV and HIV-1 Gag proteins indicates that the MLV CA prevents PICs from trafficking into the nucleus of nondividing cells. 62 Therefore, perhaps MLV PICs lack NLS or fail to expose NLS due to the MLV CA, preventing their NPC import. Alternatively, the MLV CA may sterically obstruct NPC import to preclude infection of nondividing cells.
In contrast, lentiviruses such as HIV-1 infect dividing and nondividing cells, like terminally differentiated macrophages. [3] [4] [5] This implies lentiviruses penetrate the nuclear envelope through NPCs to access nuclear DNA in nondividing cells. Support for HIV-1 PICs importing through NPCs is seen in early work showing HIV-1 PICs use an active, energy-dependent mechanism for nuclear import. 4 Furthermore, recent work suggests HIV-1 cDNA import and integration is independent of mitosis in dividing cells, and may in fact prefer the interphase step of the cell cycle, consistent with PIC import via NPCs. 63 Expressing VSV MA protein in cells to diminish NPC transport also impairs the nuclear import of HIV-1 cDNAs, further implicating NPCs in HIV-1 PIC import 64 ( Figure 1) . Traditionally, the nuclear import of HIV-1 PICs has been attributed to seemingly redundant, NLSs present in the viral Vpr, MA and IN proteins that comprise PICs (for reviews see Nisole and Saib 29 and Dvorin and Malim 52 ). However, more recent studies suggest other factors may underlie PIC import, including the viral central DNA 'flap' structure formed during reverse transcription, 65 the viral CA protein 62 and the cellular proteins, importin 7 66 and nucleoporin 98. 64 The potential role of these elements in HIV-1 import are discussed in detail elsewhere 29, 52, 62, 64, 66 but the controversy surrounding their function suggests multiple factors aid HIV import through nuclear pores.
It may seem perplexing, HIV-1 CA could facilitate PIC nuclear import given previous biochemical and microscopic studies clearly indicate CA is uncoated from the HIV-1 RTC in the cytoplasm prior to nuclear import. 26, [41] [42] [43] Therefore, how might CA promote nuclear import if it has already been shed from the PIC? It is possible HIV-1 CA may direct viral RTCs on a cytoplasmic pathway before being shed that leads to efficient NPC trafficking. Alternatively, the shedding of HIV-1 CA from the core may enable steric changes for HIV-1 cDNA to move through NPCs or expose underlying NLSs in the viral RTC that allow nuclear import via NPCs. Hence, loss of HIV-1 CA during RTC maturation could indirectly promote import through NPCs. However, it should be noted that the role of CA in HIV-1 PIC import remains controversial as CA was only recently implicated in PIC import 62 and is yet to be shown to act as or contain a transferable NLS. Importantly, more research in this area could explain the long-standing enigma of how lentiviruses like HIV-1 import their cDNA into nondividing cells and is thus worthy of our attention. The role of HIV-1 MA in PIC import may also seem at odds with a biochemical study implying MA is lost from viral RTCs containing cDNA in the cytoplasm. 42 However, complete MA loss from RTCs is controversial as separate biochemical and in situ microscopic studies clearly track HIV-1 MA in viral RTCs, 26, 41, 43 up to the nuclear envelope microscopically. 26 Furthermore, HIV-1 MA is important for PIC import in nondividing cells like macrophages and mutating both NLSs in MA blocks HIV-1 cDNA import in macrophages. 67 So most data indicate some HIV-1 MA remains with cytoplasmic HIV-1 RTCs/PICs 26, 41, 43 and the MA NLSs aid nuclear import in nondividing cells. 67, 68 Although, MA clearly is not the primary determinant for importing HIV-1 PICs as the MA NLSs are dispensable for import in dividing cells. 67 Finally, how HIV-1 PICs move through NPCs despite their large size likely exceeding the limit for active NPC transport 52 also remains unknown. Perhaps, like the large Balbiani ring ribonucleoprotein, 69 the lentiviral PIC also unfolds at the nuclear envelope allowing the viral cDNA to move through NPCs, similar to herpesvirus and adenovirus. 70 Therefore, despite the numerous studies exploring HIV-1 PIC import, the viral and cellular factors involved and their mechanism/s of action remain unclear. No sole determinant of import has been reproducibly identified among studies and instead, this quagmire hints multiple factors govern HIV-1 cDNA import. Defining the role of these factors among cell types, particularly in nondividing cells, should reveal new tools to improve the nuclear import of current gene therapy vectors in vivo.
Aside from the lentiviruses, other retroviruses like avian sarcoma virus (ASV) and foamy virus (FV) also enter the nucleus of nondividing cells, albeit at lower efficiency to dividing cells (for reviews see Nisole and Saib 29 and Katz 71 ). Like HIV-1, an NLS in ASV IN protein is speculated to underlie PIC import. 72 In contrast, the factors that translocate FV PICs into the nucleus are unknown. However, cytoplasmic FV cores traffic to the MTOC, 40 which lies close to the nuclear envelope, perhaps aiding nuclear entry. Therefore, understanding these import processes maybe as beneficial as studying lentiviruses for finding new tools to enhance gene therapy vector import in nondividing cells.
Avoiding host cell restrictions
When any microorganism invades a host, the ability to counter host cell defense mechanisms and manipulate cellular processes to favor the pathogen are critical elements for survival and persistence of the microorganism. Retroviruses are no exception to this battle between pathogens and their host. In fact, recent developments in understanding host cell factors that restrict retroviral infection has garnered enormous interest in these restriction factors (reviewed in Goff 73 and Bieniasz
74
). Of late, two new types of cellular restriction factors have been identified that can interfere with the early, intracellular trafficking of retroviral vectors discussed (Figure 1 ). These classes of restriction factors are considered below but more detailed reviews are found elsewhere. 30, [73] [74] [75] Interferons are also well established to perturb early retroviral infection, lowering proviral DNA, [76] [77] [78] [79] but are not discussed here due to space constraints.
The importance of the Apolipoprotein B mRNAediting catalytic polypeptide-like 3 (APOBEC3) factors for restricting retroviral replication first materialized in 2002 when APOBEC3G (initially termed CEM15) was identified as blocking HIV-1. 80 Since this seminal study, multiple human APOBEC3 family members and their homologues in other species are reported to block diverse retroviruses (reviewed in Harris and Liddament 75 ). The APOBEC3 proteins belong to an enzyme family that all deaminate cytidine (C) bases to uracil (U) in DNA or RNA. 81, 82 The human APOBEC3 members act during reverse transcription by deaminating C to U in single-stranded viral cDNA, which induces guanine to adenine mutations in the complementary cDNA strand. 83 To function, human APOBEC3G is packaged into virions in producer cells but blocks viral replication in target cells (discussed in Harris and Liddament 75 ), most likely by degrading the viral cDNA between late reverse transcription and integration. 84 In defense, the lentiviruses use their viral infectivity factor (Vif) accessory protein to prevent APOBEC3 packaging into virions in producer cells and circumvent restriction in target cells (reviewed in Anderson and Hope 30 and Harris and Liddament 75 ). Importantly, as APOBEC3 must be present in the virus-producing cell for packaging into virions and then restriction in target cells, this negative role of APOBEC3 can be readily eliminated from retroviral gene therapy vectors by producing virions in cells lacking APOBEC3. Therefore, this early restriction to retroviral infection can be readily evaded by carefully choosing the virus-producing cells.
The second category of cellular factors that can restrict early retroviral replication in target cells are Fv1 and TRIM5a (reviewed in 73, 74 ). These cellular factors were first identified by Friend virus susceptibility gene 1 (Fv1), 85 a restriction factor in mouse cells that blocks specific strains of MLV. 86 Fv1 encodes a protein similar to mouse and human ERV-L endogenous retrovirus Gag 87, 88 but the mechanism of Fv1 restriction remains unclear. MLV sensitivity to Fv1 restriction is determined by amino acid 110 in the viral CA protein. 89, 90 High virus inoculums can saturate Fv1 restriction but expressing Gag protein in target cells before infection cannot, suggesting Fv1 targets incoming viral CA cores. 73, 74 Fv1 restriction blocks MLV between reverse transcription and integration in the nucleus. 91 Hence, Fv1 may restrict MLV by binding the viral CA core in the cytoplasm, preventing subsequent integration in the nucleus. Therefore, when delivering genes to mouse cells, the species of retroviral vector must be carefully chosen to ensure the vector is not susceptible to Fv1 restriction, which would impair vector efficacy.
Following Fv1, restriction factor 1 (Ref1) and lentivirus susceptibility factor 1 (Lv1) were then identified in human and non-human primate cells respectively. [92] [93] [94] Similar to Fv1, restriction by Ref1 and Lv1 could be saturated and the retroviral CA protein governed virus susceptibility to these factors. [92] [93] [94] [95] However, Ref1 and Lv1 both block retroviral replication before reverse transcription, 92, 95 thus acting at an earlier replication step than Fv1, which restricts between reverse transcription and integration. 91 Ref1 and Lv1 block a different range of retroviruses, which generally exclude retroviruses normally found in the same species as the restriction factor (reviewed in Goff 73 ). The recent discovery that TRIM5a 96 underlies Ref1 and Lv1 restriction in different species [96] [97] [98] has made stunning progress in understanding these restriction factors.
TRIM5a belongs to a large family of TRIM proteins named for their tripartite motifs: the RING, B-box and coiled-coil sequences. These family members also contain a variable C-terminus which includes a fourth motif called the B30.2 or SPRY domain in TRIM5a. 99 Studies with human and rhesus TRIM5a chimeras indicate this SPRY domain determines which retrovirus species are restricted by TRIM5a. [100] [101] [102] Separate work in owl monkey cells supports this conclusion. These cells contain an unusual TRIM5-Cyclophilin A (TRIMCypA)-fusion protein, arising from retrotransposition of a CypA pseudogene into the TRIM5a locus, replacing the TRIM5a SPRY domain for CypA.
103,104 TRIM-CypA restricts HIV-1 infection in owl monkey cells. 103, 104 The CypA portion of TRIM-CypA also binds HIV-1 CA in vitro, 104 like human CypA binds HIV-1 CA. 105 This suggests the CypA portion of TRIM-CypA binds HIV-1 CA in vivo in place of the lost SPRY domain while the N-terminal TRIM motifs restrict virus infection. Hence, these studies infer the C-terminal SPRY domain of TRIM5a determines binding to different retroviral CA proteins while the N-terminal tripartite motifs cause restriction. How TRIM5a blocks retroviral infection before reverse transcription so far remains unclear. A clue to TRIM5a function may lie in other members of the TRIM family, who localize to specific cellular regions and can assemble into structures like the cytoplasmic speckles of TRIM5. 99 Therefore, perhaps TRIM5a similarly forms aggregates in the cytoplasm around incoming retroviral cores through binding the viral CA shell. This could potentially trap the viral cores in the cytoplasm, preventing their ability to uncoat or traffic to other regions of the cytoplasm necessary for reverse transcription. Alternatively, recruiting TRIM5a to the viral CA core may target the incoming cores for degradation before reverse transcription.
Clearly, much remains to be learned about the molecular mechanisms underlying TRIM5a and Fv1 restriction and why the CAs of some retroviral species escape restriction while others are sensitive. Delineating these molecular mechanisms will advance our knowledge of this species-specific battle between host and pathogen, and guide our choice of retroviral systems to deliver transgenes into different hosts. For instance, as human TRIM5a restricts N-tropic MLV and equine infectious anemia virus (EIAV), 73 using retroviral Gag proteins deriving from these viruses to deliver a vector into human cells maybe problematic given their sensitivity to human TRIM5a restriction. However, TRIM5a restriction can be saturated using an excess of incoming viral cores. 98 Therefore, if viral vectors like EIAV currently under development 106, 107 are to be used for human gene therapy, higher titers of vector will likely be necessary to saturate the TRIM5a restriction for efficient infection of human target cells. Finally, understanding 
Future directions
When retroviruses and retroviral vectors enter target cells, they must overcome numerous obstacles to deliver their genes into the nucleus for expression. Cellular barriers like cortical actin, cytoplasm viscosity, the nuclear envelope and cellular restriction factors all play a part in obstructing the passage of and thus defending the cell against invading retroviruses. To advance through these barriers, retroviruses have evolved numerous tactics. For instance, binding microtubule motors for rapid directed trafficking to the nucleus, 26, 40, 58 using multiple signals for moving through NPCs into the nucleus 29, 52 and encoding accessory proteins like HIV-1 Vif to counter cellular restriction factors 80 all enable retroviruses to efficiently traffic to the nucleus for gene delivery. Therefore, for optimal performance, retroviral vectors should contain all the elements to efficiently progress past these early cellular obstacles for maximal gene delivery in the nucleus. To achieve this, all the retroviral motifs allowing efficient gene delivery in different cell types must first be identified.
While some early steps of retrovirus replication leading to efficient gene delivery are well understood, such as the enzymatic steps of reverse transcription and integration, other events like the maturation and trafficking of viral cores are poorly characterized. Furthermore, the retroviral motifs underlying many trafficking steps are either unknown or controversial, like the motifs for HIV-1 nuclear import. Recent studies are starting to progress understanding of these early trafficking events and thus, an updated model outlining how retroviruses pass cellular obstacles and deliver their genes to cell nuclei is presented (Figure 1 ).
Clearly much remains to be learned about the early journey of retroviral cores that culminates in gene delivery. Defining the trafficking pathways and viral motifs underlying virus movement to and through the nuclear envelope should most benefit the design of future gene therapy vectors, ensuring they contain all the elements for efficient trafficking in vivo. Focusing studies on the retroviruses that penetrate nondividing cell nuclei also seems wise. This may expose viral motifs transferable to other types of gene therapy vectors to expand their target cell range and perhaps avoid the use of retroviral vectors in vivo with their current biosafety setbacks. Recent work with mutated IN proteins 108 and characterizing integration sites 109, 110 hints retroviral cDNA also undergoes intranuclear trafficking, perhaps for efficient integration into specific regions of the cell genome-like actively transcribing genes. Defining such intranuclear trafficking may also reveal novel viral motifs to facilitate retroviral gene delivery. Delineating the exact mechanisms behind TRIM5a, Fv1 and APOBEC3 restriction is also a future priority as such knowledge will guide the choice of retroviral vectors to deliver transgenes in different host species. While biochemistry and genetics continue to drive understanding of early retrovirus replication, we feel microscopy also has an important future role. The behavior of authentic, reverse transcribing cores can be explored in live cells by microscopy, 26 providing real-time details that may be lost in other analyses.
Therefore, retroviral vectors are efficient tools for delivering transgenes into an array of cell types. Understanding the molecular details behind their efficient trafficking should advance the design of future gene therapy vectors, generating a new wave of vectors with much wider therapeutic value.
